A calculation model for predicting the strength of hot rolled low carbon steel sheets from their chemical compositions and processing variables has been developed as a combination of the hot deformation model, the transformation model, and the relationship between the strength and the microstructure. To make up a comprehensive model based on the previously reported hot deformation model and transformation model, the effect of stored strain on transformation kinetics and the prediction of ferrite grain size from the transformation model are studied for inclusion in the comprehensive model. Further, the relationships between the microhardnesses and the microstructures are examined. The microhardness of each microconstituent in a mixed microstructure is found dependent on its transformation temperature. These relationships are formulated for the present model. The model has been applied to the calculation of the microstructure and the tensile strength of steels. Good agreement is obtained between the values calculated and observed, and the applicability of the model for hot strip rolling process has been confirmed.
Prediction Model of Tensile Strength of Hot Rolled
Sheet Steels Since the tensile strength of steels depends on their microstructure such as grain size, second phase, dislocation density, precipitates, and alloying elements, a model for predicting the strength must include the microstructural evolution during processing and the relationship between the resultant microstructure and strength. Therefore, microstructural evolution during rolling and cooling must be clarified. The present model consists of three parts; (1) microstructure evolution during hot rolling (Hot deformation model), (2) microstructure change during cooling (Transformation model), and (3) relationship between microstructure and strength (Structure-Property relationship), as shown by a flow chart in Fig. 1 .
Microstructural Evolution in Hot Deformation
Since the diffusional transformations such as ferrite, pearlite, and bainite transformation start mainly at prior austenite grain boundaries, a model describing microstructural changes during hot rolling is indispensable. The present authors have developed a model6~ applicable to a wide range of commercial rolling practices, formulating all the elements of metallurgical phenomena such as dynamic and static recrystallization, dynamic and static recovery, and grain growth, as shown in Fig. 2 . The model is characterized by inclusion of the effect of prior working on recrystallization in the subsequent deformation in terms of the dislocation density. Furthermore, it is applicable to a wide variety of plain carbon steels (C: 0.010.5 wt%, Si: 0.01 ~0.5 wt%, Mn: 0.2~ 1.5 wt%) because of no significant difference in recrystallization behavior among these steels and to alloy steels like Mo-steels by modifying the parameters. Figure 3 shows a calculation of austenite grain diameter and dislocation density.
Transformation during Cooling
Austenite transforms to ferrite, pearlite, bainite or martensite during cooling. The present authors have developed a model7~ for predicting the progress of transformation during cooling. Figure 4 shows the several assumptions in the transformation model. In calculation, the transformation starts when the temperature drops to the calculated Ae3, without incubation, because the incubation is very short for low carbon steels. For the calculation of Ae3, as well as Ae1, Ca, and Acm, effects of the chemical composition (C, Mn, Si) are included through the thermodynamic parameters8> as shown in Fig. 4® . The progress of transformation is formulated as 3/4 k1 (1G3)'/4 (l n 1 (1-X), (1) in the case of nucleation and growth, and as
in the case of saturated nucleation sites, where X is the fraction transformed, I the nucleation rate, G the growth rate, dr the austenite grain size before transformation and k a constant. In this model, the nucleation rate I9) is calculated from the equation
where T is the temperature, D the diffusion coefficient, R the gas constant and 4Gv the free energy difference between austenite and ferrite. The growth rate of ferrite and bainite is calculated from the ZenerHillert equation1o,11~ with the calculation method by Kaufman et al.12~ The growth rate of pearlite is calculated from the equation for volume diffusion control.11~ The carbon content in austenite, C1, in- 
creases during ferrite transformation (Fig. 4®) as (4) where Co is the carbon content in austenite before transformation, XF the ferrite fraction and Ca the carbon content in ferrite. Equation (4) is used for the calculation of growth rate of ferrite, so that the growth rate changes during transformation from austenite to ferrite. In this model, ferrite transformation follows ` nucleation and growth ' model (Eq. (1)) at the early stage and ` site saturation ' model (Eq. (2)) at the later stage. Since Eq. (1) is derived for transformation with a constant growth rate, its use for ferrite transformation accompanying the change in growth rate is not valid. However, since the present model is slightly dependent on the change of growth rate in the early stage of transformation, Eq.
(1) is considered to be applicable to ferrite transformation without a significant error. Another problem is an inconsistency that Eq. (1) deals with the three dimensional growth of a new phase, although the Zener-Hillert equation expresses one-dimensional growth. In the present model, however, the ZenerHillert equation is used only to include the composition dependence of growth rate on the assumption that the composition dependence of growth rate is adequately predicted from the Zener-Hillert equationn in Eq. (1). Rigorous treatment of anisotropic growth remains as a future problem. The pearlite transformation starts when the carbon content in austenite reaches the extrapolated Acm line in undercooling below Ae1, and the bainite transformation starts at the bainite-start temperature, Bs, which is experimentally determined (Fig. 4© ). The initial carbon content is used for the calculation of BS. The progresses of these transformations are calculated by Eq. (2) with a different k2 value, which is experimentally determined for each transformation. The values of k1-k4 are determined from the data of a 0.1 %C-0.5%Si-1.0%Mn steel. The effect of chemical compositions (C, Si, Mn) on transformation kinetics is included in terms of the change of Ae3, nucleation rate, and growth rate calculated from the thermodynamic parameters. Applicability of the transformation model to various plain carbon steels is confirmed. Figure 5 shows the calculated CCT diagrams of 0.1 %C-0.5%Si steels with different Mn contents.
For application of this model to hot strip rolling process, it must be combined with the hot deformation model. The effect of the strain stored in hot deformation on transformation kinetics should be considered for the combination.
The outputs of the hot deformation model are the austenite grain size and the residual dislocation density just before transformation.
Accordingly, the effect of the stored strain on the transformation kinetics is included in the model through the residual dislocation density.
Ferrite grain size after cooling is an important factor that determines the mechanical properties of a hot rolled sheet. Some empirical equationst"3) have been proposed to calculate the ferrite grain size as a function of prior austenite grain size, the cooling rate and so on. Those expressions are not applicable when the cooling rate varies during cooling because of a constant cooling rate in the formula.
A more generalized model is needed for the changing cooling rate usually encountered in hot strip rolling.
Relationship between Strength and Microstructure
Irvine and Pickerling showed that the tensile strength of ferrite-pearlite steel or bainitic steel was determined from the transformation temperature of steels.14~ In their experiment only the content of alloying elements was a variable of the transformation temperature, but the result indicated that the change of transformation temperature through processing variables such as cooling rate had a similar influence on the strength. A recent study15) justified this result in the accelerated cooled steels of a substantially ferritic transformation structure.
Therefore, a more general realationship between strength and transformation temperature applicable to the individual microconstituent in a mixed microstructure is required. Since the strength of steel is generally proportional to the hardness, by assuming the law of mixture for hardness, the tensile strength in kgf/mm2, TS, can be expressed as 
The hot deformation simulator and the two-stand rolling mill are newly developed testing machines and the details were previously described. 16, 17) The changes in ferrite grain size was followed by an automatic dilatometer and the hot deformation simulator for 0.1 N 0.15 %C-0.5 % Si-0.5 1.5 % Mn steels. In the dilatometry, the specimens were heated at a temperature from 1 173 to 1 373 K to vary the austenite grain size before transformation and then cooled at a rate between 1 and 30°C/s. In deformation by the simulator, the specimens were heated to 1 273 K, deformed with a strain of 0.693 and a strain rate of 10 s-1 at a temperature between 1 073 and 1 223 K to prepare various austenite grain sizes, then cooled at a rate between 1 and 30°C/s.
The effect of stored strain on transformation kinetics was investigated by using the hot deformation simulator for 0.15%C-0.3%Si-1.1 %Mn steels. The specimens were heated to 1 273 K, deformed in the temperature range of 1 073 to 1 223 K, soaked at the deformation temperature for 0 to 10 s before cooling. The cooling rate was varied from 1 to 30°C/s.
Relationship between hardness and transformation temperature was evaluated by the use of dilatometer for 0.05'0.15%C-0.02' 1.0%Si-0.5~ 1.5%Mn steels. The specimens were heated at a temperature 1 223, 1 373 and 1 523 K, and cooled at a rate between 1 and 50°C/s. The hardness of microconstituent was measured by a micro-Vickers hardness tester (load : 25 gf). The hardened surface layer after mechanical polishing was removed by chemical polishing.
The tensile strength predicted from the present model was compared with that of 0.1 N 0.2 %C-0.006-'0.5%Si-0.5N 1.5%Mn steels hot rolled in the two-stand mill. The 40-mm thick specimens were heated at 1 373 K for 30 min, rolled to 2.4 mm through 6 passes by finishing at about 1 173 K, cooled at a mean rate between 10 and 100°C/s, and soaked for 60 min as a simulation of coiling followed by slow cooling in an electric furnace. Tensile test was performed by a hard machine with JIS-No. 5 specimens.
Iv.
Experimental Results 2. Effect of Stored Strain in Hot Deformation on Transformation Kinetics Figure 7 shows the difference between the calculated and the observed ferrite grain size as a function of residual dislocation densities. The da cal , is estimated from the hot deformation and transformation models. The difference between c/a cal. and da obs, is small for low dislocation density and large for high density. The effective austenite grain size, dr1r•, corresponding to the observed ferrite grain size, can be calculated by inserting da obs, and T0.05 into Eq. (7). 
Ferrite Grain Diameter
The temperature, To.o5, is calculated from the transformation model. Figure 8 shows the difference between the austenite grain size, dr, calculated from the hot deformation model, and the effective austenite grain size estimated as a function of the dislocation density. (9) where the transformation temperature, T, is calculated as an infinitely small transformation products, dx, in the transformation model. A linear relationship is found between hardness and average transformation temperature for both ferrite and bainite. Such a relationship is not obtained for pearlite probably because of the narrow temperature range of transformation in the steels used. Contribution to solid solution hardening is large for Si and very small for C and Mn. Besides, the hardness does not depend on the cooling rate. (10) where H is the hardness and T the average transformation temperature of the phase denoted by the suffix : F; ferrite, B; bainite, and F; pearlite.
Comparison between the predicted and Observed Microstructure and Tensile Strengths
By the use of the above equations, the hot deformation and transformation models, the microstructure of hot rolled products can be predicted from their chemical compositions and processing variables.
In the calculation for production line, the effect of the latent heat of transformation on cooling rate should be included. (11) where H is the latent heat of transformation and Cp the specific heat.
The value, To, represents a temperature drop when heat generation by transformation is neglected.
The term 4X is an increment in the fraction transformed. The terms X1 and X2 are the fraction transformed at time, t1 and t2, H,,1 and H172 the total latent heat of magnetic transformation until the temperature reaches T1 and T2, respectively. In Fig.   Fig. 8 .
Effect of the dislocation density on the effective austenite grain size. 
Transactions Is", Vol. 27, 1987 12, H,,, corresponds to the hatched area. Figure 13 compares the calculated and observed transformed fractions of each microconstituent in 0.2%C-0.2%Si-0.5%Mn steels. The microstructure is ferrite-pearlite in the sample (a) and ferrite-bainite in (b) in the figure. The values calculated and observed are consistent for both samples.
The tensile strength is calculated from Eqs. (5) (13) for the grain surface nucleation. In the present study, ferrite grain size is expressed by Eq. (7), in which the relationship between da and d1 is
where k is the coefficient depending on the transformation temperature and ferrite fraction. This result indicates that the nucleation of ferrite transformation in low carbon steels takes place both at the surface and at the edge of austenite grain.
Effect of Hot Deformation on Transformation Kinetics
The transformation kinetics is influenced by hot deformation, because the variation of austenite grain size and formation of additional nucleation sites like deformation bands may change the nucleation frequency and the rate of nucleation and growth. An effective austenite interfacial area, Sv,19~ representing the sites of ferrite nucleation on austenite grain boundaries and deformation bands, is used to include the contribution of hot deformation. Umemoto et al.20~ studied these effects separately in pearlite transformation. The present model formulates the change of austenite grain size due to hot deformation through the austenite grain size calculated from the hot deformation model. The other effects are described as a function of dislocation density in Eq. (8) that includes the additional nucleation sites and the change in nucleation and growth rates, although it is not clear which is dominant for transformation kinetics. Thus Eq. (8) is a formulation that includes the change of nucleation behavior as Sv and also of nucleation and growth rates. For quantitative evaluation of individual effect, an experiment similar to the work by Umemoto et al. is necessary, although it is difficult for low carbon steels because of the rapid transformation.
Other Determining Factors of Strength
Many factors determine the strength of steels as discussed in the following. However, all the factors are not necessarily considered in the present model. (1) Solid solution hardening by substitutional elements can be included by the use of reported values for solid solution hardening of individual element, if the element does not induce microstructural change.
(2) Solid solution hardening by interstitial atoms (C, N) is difficult for simple expression because of the complicated contributions. However, solute C and N contents in hot rolled steels are not in wide deviations, because slow cooling in lower temperature range attains an approximate equilibrium.
(3) Precipitation hardening must be adequately evaluated for each case.
(4) Hardness of pearlite depends on the interlamellar spacing which changes with the transformation temperature and must be taken into consideration for the steels with a high pearlite fraction.
(5) Hardness of martensite can be estimated from the carbon content in prior austenite in the way similar to that of fully martensitic steels. Contributions of martensite to the strength are included in terms of the MS point in the transformation model. 
Predictability of Strength
Many empirical equations have been developed to predict the strength of hot roiled steel products.l,3-5) These equations combine the parameters of chemical compositions such as C, Mn and Si, fraction of each microconstituent and cooling rate. In the present model, Eq. (10) for calculation of strength has explicitly no parametric terms of C, Mn and cooling rate. Therefore, it seems as if the contents of C and Mn and the cooling rate do not influence the strength. As mentioned above, the microstructure and the hardness of each microconstituent predicted from the hot deformation and transformation models are strongly affected by the C-and Mn-contents and the cooling condition. The results shown in Fig. 11 indicate that the solid solution hardening by C and Mn is relatively small and that the hardening by C and Mn reported in the literature3-5) includes the variations of microstructure with the change in the transformation temperature. Since the cooling rate does not appear explicitly, the present model is suitable for the prediction of strength of steels processed by thermomechanical treatment accompanied by the changes of cooling rate such as encountered in hot strip rolling process.
VI. Conclusion
In order to develop the model for predicting the strengths of hot rolled low carbon steels as an extension of the previous hot deformation and transformation models, the ferrite grain size after cooling, the effect of the residual strain in hot deformation on transformation kinetics, and the relationship between the hardness and microstructure have been investigated. The results are as follows :
(1) The ferrite grain size can be determined by the calculated transformation temperature at the early stage of transformation. This result implies that the nucleation of ferrite transformation finishes at the early stage of transformation.
(2) The effect of the strain stored in hot deformation on the transformation kinetics can be included by using the effective austenite grain size expressed in Eq. (8) as a function of the residual dislocation density.
(3) The relationship between transformation temperature and hardness for each microconstituent has been determined for a mixed microstructure. The solid solution hardening by Si was apparent.
(4) These results has been applied to predict the microstructural change of steel in hot strip rolling process. Good agreement is obtained between the values calculated and the observed.
(5) The above results have successfully predicted the tensile strengths of various steels : applicability of the present model forr hot strip rolling is proved.
